Increased awareness of the negative effects of sanitary sewer overflow (SSO) events on human health and aquatic life led to the development of various control measures, of which implementation is impeded by the lack of information on SSO occurrences, flows and volumes. The collection of such information requires data acquisition systems, which can be costly and are fully utilized just during limited time periods of the year. In search for inexpensive approaches to SSO monitoring, the feasibility of using existing flap gate installations, serving for prevention of back-up flows into sewers, as constriction flow meters was investigated, with promising results. An experimental pilotscale setup was designed to allow steady water flow through a flap gate built into a partition wall between two chambers. The stabilized water heads in the chambers and the flow rate through the flap gate were measured, for both dry and submerged flap gate conditions, and five flap gate sizes (200, 300, 400, 500 and 600 mm), with relatively heavy covers (6-102 kg). The measured data were used to develop flow rating curves, by non-linear regression, in the form Q = f (ΔH), where Q is the discharge through the flap gate and ΔH is the pressure differential upstream and downstream of the gate. The regression curves fitted the experimental data with high precision (R 2 >0.99). The use of flow rating curves for estimation of the SSO volume was discussed. This study demonstrated that the water head measurements upstream and downstream of the flap gate can provide a reliable, accurate and inexpensive method for quantification of the SSO discharges and volumes.
Introduction
Any untreated or partially treated discharge of wastewater into the environment that may occur during dry or wet weather [1] , is referred to as a sanitary sewer overflow (SSO) [2] . A number of reasons may lead to unintended SSO events: additional volumes of Infiltration and Inflow (I/I) reducing the effective capacity of sanitary sewers; increased population contributing sewage; sewer design flaws; blockages; and, breaks in system operation because of maintenance or pump failures [3] . The untreated wastewater from SSO can be transferred through the overflow systems into the receiving waters, reducing their quality and causing risks to human health, as reported e.g. by Jagai et al. [4] with respect to increased emergency room visits for gastrointestinal illnesses following SSO events. Additional impacts are caused on aquatic organisms [5] , and in terms of environmental impacts, SSO are similar to combined sewer overflows (CSO).
Increased awareness of the negative effects of SSOs has led to the development of various control measures as part of watershed protection programs around the world [1, 5, 6] . As the first step of these programs, the volumes of discharges of untreated wastewater into receiving waters should be monitored or at least estimated by modelling. However, the information about the number of SSO events is often unknown due to poor or limited monitoring [6, 7] .
Only conventional flow monitoring at overflow locations can provide information on occurrence, duration and volume of SSO. However, direct flow rate measurements in sewers near the overflow structure location are challenging, and require installation and regular maintenance of relatively expensive equipment [8] . Furthermore, such expensive equipment may be needed and used just few days per year, when SSO occur. Alternatively, there are surrogate methods that can be used for the monitoring of the SSO events: motion, moisture, temperature and water quality sensors; video image analysis; sampling of human specific contaminants like caffeine in the receiving waters; electrical contacts closing during SSO events; as well as various modelling approaches [9] [10] [11] [12] [13] . These methods have drawbacks of potential false detections (motion, moisture, temperature, electrical sensors), moderate to high investment, running and maintenance costs (water quality sensors, video image analysis, caffeine sampling), or the lack of long-term monitoring data and a calibrated model for the modelling approaches [10, 12] .
A further problem is that backflows can occur through an overflow system, when receiving water levels increase and water may back-flow into the wastewater network, as experienced in many locations [14] . This additional relatively clean water often increases the volumes of water that need to be transported to the treatment facility and dilutes wastewater pollutants, resulting in lower treatment efficiency, higher costs for chemicals, and increased electricity consumption for wastewater pumping [15] .
Flap gates have been used for a long time for preventing backflows of the receiving waters into the sewer systems [14, 16] and their studies focused mostly on reliable operation of flap gates and the head losses caused in the upstream pipe system (Burrows and Edmonds, 1988) . Furthermore, many texts on sanitary engineering used the 1936 data produced by the Hydraulic Laboratory of the State University of Iowa for specific "lightweight" gates [14] and, for that reason, found to be of limited value by [17] . Only one reference was found in which it was attempted to estimate flow rates based on the opening angle of the flap gate [6] . However, while the analysis provided general fit of the data, the flow estimates differed from observations in the order of 20%-30%. Furthermore, the study did not report the associated head losses and that limited the usefulness of the reported data for practice [14] .
The combination of two abovementioned aspects-the lack of reliable, inexpensive methods for SSO monitoring and the availability of the flap gates for backflows prevention-led to the objective of this paper: use of flap gates as constriction flow meters for the estimation of SSO discharges. In practical terms, this idea requires to establish flow rating curves of flap gates as a function of the water head differential upstream and downstream of the flap gates, with focus on rugged flap gates, with relatively heavy covers, suitable for the sewer environment.
Material and methods

Experimental setup
The experiments were done at the Uddebo wastewater treatment plant in Luleå, Sweden. The experimental setup consisted of two chambers A and B, with the dimensions of 6.0 × 6.2 × 3.75 m and 5.7 × 6.2 × 3.75 m, respectively (see Fig. 1 ). The ABS AFP-3003 pump installed in the adjacent room was used to pump water from Chamber B to Chamber A, with the maximum flow rate of about 400 L s -1 , through the 300 mm diameter steel pipe. The wall that separated the two chambers was 300 mm thick and had a round opening with the diameter of 800 mm allowing water to circulate from Chamber A back to Chamber B. Around this opening a 950 × 950 mm U-shaped mounting frame was installed inside Chamber B. Each of the tested flap gates was attached to the 900 × 900 mm base plate-10 mm thick steel and 5 mm thick rubber sheets glued together-that had an opening of the same diameter as the opening diameter of the attached flap gate. The bolts on the mounting frame pressing the base plate to the wall as well as the silicone sealant applied along the perimeter of the rubber sheet before installation facilitated quick replacement and watertight installation of the tested flap gates.
The location of the intake and the outlet of the metal pipe, the dimensions of the chambers and the position of the opening in the wall between the chambers were fixed and could not be modified; therefore, the effects of the flow conditions in the upstream and the downstream chambers were not studied in the presented paper.
Flap gates
Five KWT flap gates type KRK-R-F with the opening diameter of 200, 300, 400, 500 and 600 mm were tested (Fig. 2 ). All had a valve cover angle of 15° ( Fig. 2(c) ) and relatively heavy covers (6-102 kg). More details of the flap gates used are in Table 1 .
Measurements of pressures
At the bottom of each chamber, a water level meter was installed. The water level meters had an accuracy of ±0.1% of full scale (0-10 m) and were calibrated prior to the experiments using a graduated scale. The flow rate was measured using a KROHNE Waterflux 3000 electromagnetic flow meter mounted in the pressurized 300 mm pipe from Table 1 for more details).
the pump with a KROHNE IFC 100 signal converter with an accuracy of ±0.3% of the measured value. Online signals from the flow meter and the two water level meters were logged at 1 s intervals using an Intab PC-logger 31000-usb.
Water from the nearby Bay of Gråsjäl (part of the Gulf of Bothnia) was used in the experiments.
Description of experimental runs
Experimental runs were performed for each of the flap gates in two setups: submerged and dry (free discharge, see Fig. 3 ). For the submerged setup, the water head in Chamber B (H B ) was sufficient to keep the flap gate fully under the water; while for the dry setup, H B was below the flap gate bottom, letting the water pass through the flap gate and fall freely.
Both the submerged and the dry experimental runs were conducted as following: In the initial phase, the water was pumped from Chamber B to Chamber A at a constant flow rate. The water head in Chamber A (H A ) increased and so did the flow through the flap gate. After some time (from 30 s for Ø600 mm to 4 min for the Ø200 mm flap gate), the heads in both chambers stabilized, indicating that the system had reached an equilibrium state. At this state, the flow through the flap gate was equal to the measured pump flow. Equilibrium was kept for at least 5 min. Instantaneous flow rates and water heads were measured with 1 s resolution during this period of time, recorded and about 300 values were averaged for each equilibrium state. Then, the pumping flow rate was stepwise increased until the maximum possible flow rate and then stepwise decreased to the minimum possible flow rate and the whole procedure was repeated for each step with the new flow rate. At least 15 repetitions were performed for the submerged set-up and 10 for the dry setup and the new equilibrium values for the flow rate and water heads were obtained as described above. The whole procedure was repeated for the dry and submerged setups for each of the tested flap gates.
Opening pressure tests
Additional experiments were performed to test the hydrostatic water pressure needed to open the flap gates in both dry and submerged states. The flap gate was defined as open if the bottom of the valve cover moved for at least 5 mm from its closed position. The measurements of this distance were made using a magnetic sensor with an LED indicator that switched off if the cover opened more than 5 mm.
During both dry and submerged experiments serving to evaluate the opening pressure, the head in Chamber A was slowly increased using the inlet water hose (see Fig. 1 ). As soon as the valve cover opened (LED indicator turned off), the heads in both chambers were recorded. Then some water was pumped out from Chamber A using an outlet hose (see Fig. 1 ), so the flap gate closed again. The procedure with filling up and pumping out was repeated at least three times and the corresponding heads were measured. For the submerged setup, the opening pressure was determined as the differential head between Chambers A and B water heads (ΔH subm = H A -H B ). For the dry setup, the opening pressure was calculated as the difference between the head in Chamber A and the flap gate invert level (ΔH dry = H A -H 0 ). Table 1 Flap gates dimensions and opening pressure (see Fig. 2(c) for the dimension scheme) specified by the manufacturer (KWT International)
Opening pressure (mm) 
Backflow prevention tests
Testing of the flap gate performance in prevention of the water backflow was also performed, by raising the head in Chamber B above the flap gate by 0.5 m, while the head in Chamber A was below the flap gate invert. Both heads were measured for at least 14 h.
Data evaluation
Data retrieval of water heads and flow rate measurements from the logger was performed using Intab EasyView software and then exported to Microsoft Excel. All further data analysis was performed in Microsoft Excel and Minitab Statistical Software. Regression lines were obtained using nonlinear regression method based on Gauss-Newton algorithm in Minitab Statistical Software.
Development of flap gate rating curves
Replogle and Wahlin [14] analyzed flows through flap gates and concluded that in view of complicated hydraulics, finding a theoretical solution was not feasible. Flap gates open relatively easily, by the hydrostatic pressure exerted by water on the upstream side. However, when the flow is established, the gate is supported by the flow passing through and the gate opening position (angle) depends on both the flow rate and the weight of the gate. The operation of the flap gate is comparable to that of an orifice, whose discharge, Q, is a function of the orifice area (A) and the differential head (h), Q = C·A (2gh) 0.5 , where C is the constant. Thus, flow increases as both A and h increase, with A exerting a larger influence [14] . Regardless of the complexities, the flap gate rating curves can be derived from the measured data by nonlinear regression, which provided the best fit in the following form:
where α and β are fitted constants, θ was assumed to be equal to the theoretical value of 0.5, and ΔH is the differential head. Both constants α and β varied for individual flap gate sizes and the second term in the bracket (β) was positive only in the case of the smallest gate (D = 200 mm) and submerged conditions.
Results
Flow rate curves
Based on the results obtained from the experimental runs, the flow rate curves were established for dry and submerged flap gate discharge conditions and each of the various flap gate sizes (Figs. 4, 5 and 6 ). The goodness of fit of the experimental data to the regression lines that describe flow rate as a function of water head was better than R 2 = 0.99 (except for the fully submerged Ø400 flap gate in dry conditions, with R 2 = 0.982). For the submerged conditions (Fig. 4) , Eq. (1) was used. The best fit curves with variable exponents θ were also established and showed similar results to the theoretical curves with the fixed exponent of 0.5 shown in Fig. 4 . 
Opening pressure
The results of the opening pressure tests are presented in Fig. 7 . These results were compared with the opening pressure specified by the manufacturer of the flap gates (see Table 1 ). Additionally, the respective opening pressures were also derived from the flow rate curves (Figs. 4 and 6) . In this case, the opening pressure was defined as the differential head at which the flow rate is equal to zero (i.e. where the curve intersects x-axis). The results showed that in all cases (except for Ø200 mm, dry condition) the opening pressures specified by manufacturer were higher than those derived from the flow rate curves and those experimentally obtained (see Fig. 7 ). This finding is not surprising as the manufacturer most likely used a different definition (more conservative) of the onset of flap gate opening; however, it is important to keep in mind that considerable discharges during SSO events may start earlier and finish later than what the manufacturer's specifications suggest.
Flap gates performance in preventing backflows
The results of the backflow leakage testing experiments showed that the maximum backflow rate was observed with the Ø500 mm flap gate: the water head decreased by about 16 mm in Chamber A and increased by about 17 mm in Chamber B, which indicated a backflow rate of about 0.000012 m 3 s -1
. Such backflow can be considered as negligible.
Discussion
Estimating overflow volumes from the measured differential water head hydrographs of SSO
As the function Q = f(ΔH) was experimentally obtained in this study, the calculation of the SSO flow rate in practice would only require differential water level measurements, upstream and downstream the flap gate. Integration of this function over the SSO event duration provides the volume of wastewater discharged during the overflow event:
An example of the overflow event for Ø400 mm flap gate in the submerged conditions is presented in Fig. 8 . Using the previously obtained function Q = f(ΔH) for this flap gate, the water head (Fig. 8, the upper panel) can be converted into the flow rate (Fig. 8, the lower panel) . The filled area below the function Q line can be integrated between the start and finish times of the overflow event (t start , t finish ) and yields the SSO volume. Because of the opening pressure, the duration of the actual overflow event is shorter than the duration of positive water heads, i.e. t finish -t start < t 1 -t 0 . Therefore, Q is set equal to 0 if ΔH is less than the opening pressure (ΔH < 18 mm in this example).
Accuracy of measured flows
Uncertainties in the empirically derived rating curves originate from two independent sources: uncertainties in the fitted rating curve and uncertainties attributed to water level measurements. In view of the high values of regression coefficients of the fitted data, the first source was neglected (otherwise it could be assessed from residuals of the observed and fitted equation data). The accuracy of the water level meters used in this study was ±0.1% of full scale, which is usually 0-3 m for the pumping stations with the overflow structures, i.e. δh = 3 mm
As the level of the receiving waters (represented by Chamber B in this study) is relatively stable, the average value 'HB could be used for the final calculation of the flow rate. The following formula can be used for the uncertainty for the average value G'H B :
Even half an hour of steady water level measured every second (N = 1800) makes uncertainty of 'HB negligibly low (G' H B 0 1 . mm) Therefore, the uncertainties of DH both in dry setup (δDH dry = δDH A ) and in submerged setup
were assumed equal Fig. 7 . Opening pressure obtained experimentally, specified by the manufacturer and derived from flow rating curves for dry and submerged setups. to the uncertainty of a single water head measurement δDH = δH = 3 mm. The nonlinear regression Q = α·(DH-β) θ was used for the submerged setup and fully submerged flap gate under dry setup. Consequently, the uncertainty of the flow rate can be calculated as:
The flow rate for the partially covered flap gate in the dry setup was described by the quadratic equation Q = a·DH 2 + b·DH + c. The uncertainty of the flow rate function is calculated as:
Based on Eqs. (4) and (5), the uncertainties of the developed flow rate functions decrease with increased water head ΔH (Fig. 9) . In practice, such uncertainties will be below an arbitrary threshold of 5% in 95% of the studied water head range for the submerged setup and in 86% of the range for the partially filled flap gate under dry setup. For the fully submerged flap gate with free discharge setup, the flow rate uncertainties are below 3% for the whole range of monitored water heads.
Beside the uncertainties of the developed flow rate curves discussed above, the accuracy of flow rate estimation depends also on the diameter of the flap gate used. For example, the accuracy of the flow rate measurements for the submerged conditions with ΔH = 20 ± 1 mm is around ±0.26 l s -1 for the Ø200 mm flap gate and some ±5.2 l s -1 for the Ø600 mm flap gate. In order to increase the accuracy of the flow rate measurements, especially with larger diameters of the flap gates, the water level meters used should provide sufficient accuracy (e.g., float-operated shaft encoder and ultrasonic meters that are currently available on the market can have the resolution of around 1 mm).
Number of factors affect the flow rating curve and the opening pressure of the flap gate: the weight of the cover, its elasticity (in the case of flap gates with a rubber flexure hinge), angle at which the flap gate is attached, geometry of the entrance into the flap gate, flap hinge location, etc. [6, 14] . For example, the earlier literature reported lighter, vertically attached flap gates connected to the pipe [e.g., 17]. Such configurations will produce considerably lower head losses to the point, where the flap is supported by the discharging water and head losses barely increase with increasing flow. However, such conditions are more applicable in water level control in irrigation networks rather than in the prevention of sewer backflows studied in this paper.
Implementation of flap gate flow metering in sewer systems
Water head measurements upstream of the flap gate are already available at most of the pumping stations with overflow systems. Moreover, in some cases the level of the receiving waters is monitored at municipal measuring sites and could be used as the water head downstream of the flap gate. The flow rating curves as obtained in this study could be easily programmed for online measurements as they do not require large-scale computations. If needed, it would be also possible to download logged water head measurements and perform computations of the historical volumes of the overflows.
Finally, the experiments in this study were carried out using clean water from an estuary, whereas real sewers may carry coarse wastewater solids. While the flow rating curves would be still applicable, the wastewater debris may prevent the flap gate from fully closing. This may decrease the performance of the flap gate in preventing the backflow from the receiving waters or decrease the opening pressure of the flap gate causing some undetected wastewater discharges. Rubber-coated flap gates were recommended for minimizing the risks of debris lodging in the flap gate opening [14] . Additionally, the particles in highly turbid receiving waters (e.g., sandy rivers) may settle on the submerged flap gate, increasing its opening pressure [18] . To maintain the proper functioning of flap gates, regular inspections and removal of sediment and debris are recommended.
Conclusions
Field experiments with flap gates indicated that it was feasible to use water head measurements, upstream and downstream of the flap gate, in conjunction with flow rating curves, for simple and reliable estimation of the overflow flow rate of SSO or CSO events. The established flow rating curves showed a high precision (R 2 > 0.99) for the studied range of flap gate diameters (200, 300, 400, 500 and 600 mm) and examined flow rates (up to around 400 l s -1 ) for both free discharge (dry) and submerged flow conditions, with covers weighing 6-102 kg.
The results for the opening pressure tests deviated from the manufacturer's data. In most cases, the experimental opening pressure was lower than the specified one, meaning that the overflow events would start earlier and finish later than was expected. Integrating the flow rating curve over the time can provide a reliable estimation of the volume of an SSO event. The actual opening pressure for the flap gate should be taken into consideration, as the results of this study indicated some deviations from the opening pressure values specified by the manufacturer of the flap gates.
Finally, the water head measurements upstream and downstream of the flap gate can be recommended for use in practice as a reliable, inexpensive and accurate method for the estimation of the flow rates and volumes of overflow events, under similar conditions as described in the paper. Regular inspection and maintenance need to be performed to minimize the risk of gate blockage by coarse solids conveyed by wastewater.
